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Using geometric phases to realize noise-resilient quantum computing is an important method to enhance the
control fidelity. In this work, we experimentally realize a universal nonadiabatic geometric quantum gate set in
a superconducting qubit chain. We characterize the realized single- and two-qubit geometric gates with both
quantum process tomography and randomized benchmarking methods. The measured average fidelities for the
single-qubit rotation gates and two-qubit controlled-Z gate are 0.9977(1) and 0.977(9), respectively. Besides,
we also experimentally demonstrate the noise-resilient feature of the realized single-qubit geometric gates by
comparing their performance with the conventional dynamical gates with different types of errors in the control
field. Thus, our experiment proves a way to achieve high-fidelity geometric quantum gates for robust quantum
computation.
In quantum physics, wave functions up to a global phase
are equivalent, and thus the important role played by the phase
factors had been ignored for a long time. However, the evo-
lution of a quantum state can be traced in some extent by a
geometric phase factor. A famous example is the Aharonov-
Bohm effect [1], which shows that the phases with a geometric
origin can have observable consequences [2]. Different from
the dynamical phase, geometric phases [2–4] are gauge invari-
ant and depend only on the global properties of the evolution
path. Therefore, besides their fundamental importance, ge-
ometric phases have been tested in a variety of settings and
have found many interesting applications [5–7].
Recently, there is a renewed interest in applying geometric
phases into the field of quantum computation [8–10], which is
potentially capable to handle hard problems for classical com-
puters [11]. The reason is that the global properties of the ge-
ometric phases can be naturally used to achieve noise-resilient
quantum manipulation against certain local noises [12–14],
which is essential for practical quantum computation. With
adiabatic cyclic evolutions, recent experiments have reported
the detection of geometric phases [15–23] and the realization
of elementary gate operations [24–27] in several physical sys-
tems. However, the speed of the adiabatic quantum gates is
rather slow, and thus decoherence will introduce considerable
errors [28, 29].
To overcome the dilemma between the limited coherence
times and the long duration of adiabatic evolution, imple-
mentation of quantum gates based on nonadiabatic geomet-
ric phases has been proposed [28–31]. Recently, in the non-
Abelian case [30, 31], elementary quantum gates [32–42] have
been experimentally demonstrated in various three-level phys-
ical systems. However, the noise-resilience of the geomet-
ric phases is not shared by this type of implementation [43–
45]. Indeed, robust quantum gates with non-Abelian geomet-
ric phases can actually be implemented with two degenerated
dark states [46, 47]. However, it is experimentally difficult be-
cause of the need of complex control of quantum systems with
four energy levels. On the other hand, experimental demon-
stration of universal quantum computation with nonadiabatic
Abelian geometric phase is also lacking, due to the challenge
of exquisite control among quantum systems. In addition, so
far there is no direct experimental verification of the noise-
resilient feature of geometric quantum gates over the dynami-
cal ones yet.
Here, with a multi-qubit superconducting quantum circuit
architecture [48–50], we experimentally demonstrate a ro-
bust nonadiabatic geometric quantum computation (GQC)
scheme [51, 52]. The measured average fidelities for the re-
alized single-qubit rotation gates and two-qubit controlled-
Z (CZ) gate are 0.9977(1) and 0.977(9), respectively, char-
acterized by both quantum process tomography (QPT) and
randomized benchmarking (RB) methods. The numbers in
the brackets are the uncertainties obtained from repeated ex-
periments of QPT and bootstrapping technique on the RB
data, respectively. These gates are realized by merely us-
ing simple and experimentally accessible microwave controls
over capacitively-coupled superconducting transmon qubits,
each of which involves only two states [53]. The leakage of
qubit states can be effectively suppressed and the coupling be-
tween the two qubits can be parametrically tuned in a large
range [54–57]. Meanwhile, our demonstration only utilizes
conventional resonant interaction for both single- and two-
qubit gates, and thus simplifies the experimental complexity
and decreases the error sources. Furthermore, we experimen-
tally demonstrate the noise-resilient feature of the geometric
quantum gates over the dynamical ones. Therefore, our ex-
periment proves the way to achieve robust universal GQC on
a large-scale qubit lattice.
We first explain how to construct the single-qubit geometric
gate on a superconducting qubit in the {|0〉, |1〉} subspace,
where |0〉 (|1〉) denotes the ground (excited) state of the qubit.
Conventionally, single-qubit control is realized by applying a
microwave drive on resonance with the qubit transition |0〉 ↔
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2|1〉, as described by the Hamiltonian of
H1 =
1
2
Ω(t)eiφ(t) |0〉 〈1|+H.c., (1)
where Ω(t) and φ(t) are the time-dependent driving amplitude
and phase of the microwave field. To achieve a universal set
of single-qubit nonadiabatic geometric gates in a single-loop
way [52], we divide the evolution time τ into three intervals:
0→ τ1, τ1 → τ2, and τ2 → τ , with the driving amplitude and
phase in each component satisfying
´ τ1
0
Ω(t)dt = θ, φ = ϕ− pi2 , t ∈ [0, τ1],´ τ2
τ1
Ω(t)dt = pi, φ = ϕ+ γ + pi2 , t ∈ [τ1, τ2],´ τ
τ2
Ω(t)dt = pi − θ, φ = ϕ− pi2 , t ∈ [τ2, τ ].
(2)
Consequently, two orthogonal states |ψ+〉 = cos θ2 |0〉 +
sin θ2e
iϕ |1〉 and |ψ−〉 = sin θ2e−iϕ |0〉 − cos θ2 |1〉 undergo
a cyclic orange-slice-shaped evolution on the single-qubit
Bloch sphere [58], as shown in Fig. 1(a), resulting in a ge-
ometric phase γ (−γ) on the quantum state |ψ+〉 (|ψ−〉). We
note that this construction can be recognized as a special type
of composite pulses, but whose robustness is originated from
the pure geometric nature [59, 60]. This construction is how-
ever different from other traditional composite pulses [61–63],
where complex concatenated pulses are optimized to compen-
sate the specific error for a certain gate and a larger pulse area
than our scheme is generally required, resulting in a higher
gate infidelity from decoherence. Therefore, the obtained
single-qubit gate of the total geometric evolution is
U1 (θ, γ, ϕ) = cos γ + i sin γ
(
cos θ sin θe−iϕ
sin θeiϕ − cos θ
)
= exp (iγ~n · ~σ), (3)
which corresponds to a rotation operation around the axis
~n = (sin θ cosϕ, sin θ sinϕ, cos θ) by an angle −2γ. The
parameters θ, γ, ϕ are determined by the drive.
Our experiment is performed on a five-Xmon-qubit chain
sample [57, 64], with the simplified circuit schematic shown
in Fig. 1(b). Only two adjacent qubits QA and QB are used
in this experiment, with |0〉 ↔ |1〉 transition frequency of
ωA/2pi = 4.602 GHz and ωB/2pi = 5.081 GHz, respec-
tively, and a static capacitive coupling strength gAB/2pi ≈
17 MHz between them. Only the lowest two energy levels
are considered here due to the large anharmonicity αA/2pi =
−202 MHz and αB/2pi = −190 MHz for the Xmon qubits
QA andQB , respectively. Each qubit has individual XY and Z
drive lines for qubit state manipulation and frequency tunabil-
ity, and is coupled to a separate λ/4 resonator for individual
and simultaneous readout. More details about the experimen-
tal setup and device parameters can be found in Ref. [65].
We first demonstrate the single-qubit nonadiabatic geomet-
ric gates on qubit QB , with the experimental pulse sequence
shown in Fig. 1(c). As a demonstration, here we fix θ = pi/2,
and realize single-qubit pi and pi/2 rotations around X and Y
axes (denoted as X , Y , X/2, and Y/2 respectively), which
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FIG. 1: Single-qubit nonadiabatic geometric gates. (a) Bloch sphere
representation of the evolution trajectory to realize single-qubit ge-
ometric gates. (b) Simplified circuit schematic of the five-Xmon-
qubit chain sample, with only the first two adjacent qubits QA and
QB being considered in this work. (c) The experimental pulse se-
quence to characterize the performance of the single-qubit nonadia-
batic geometric gates with the QPT method. The geometric gate is
realized by three truncated Gaussian pulses with different amplitudes
and phases. (d) Bar charts of the real and imaginary parts of χexp of
four specific gates: X , X/2, Y/2, and Hadamard H , giving an aver-
age process fidelity of 0.9980(14). The numbers in the x and y axes
correspond to the operators in the basis set {I , σx, −iσy , σz} in the
{|0〉, |1〉} subspace. The solid black outlines are for the ideal gates.
construct a basis set to generate single-qubit Cliffords. The
geometric gate consists of a pi rotation sandwiched by two
pi/2 rotations with a total width of 80 ns. The envelope of
each pulse is a truncated Gaussian pulse with the correction
of “derivative removal by adiabatic gate” method in order to
suppress the leakage to the undesired energy levels [70].
We first characterize the single-qubit geometric gates by the
QPT method [65], with the experimental sequence shown in
Fig. 1(c). The experimental process matrices χexp of four spe-
cific geometric gates X , X/2, Y/2 and Hadamard H (im-
plemented with a Y/2 rotation followed by a X rotation)
are shown in Fig. 1(d) with an average process fidelity of
0.9980(14). The process fidelity is calculated through Fp =
Tr (χexpχideal), where χideal is the ideal process matrix for
the corresponding gate.
Another conventional method, Clifford-based RB [71–73],
is also used to characterize the geometric gates, with the se-
quences for both the reference RB and interleaved RB exper-
iments shown in the inset of Fig. 2. The experimentally mea-
sured ground state probability (the sequence fidelity) decays
as a function of the number of single-qubit Cliffords m for
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FIG. 2: RB of single-qubit nonadiabatic geometric gates. Inset is the
experimental pulse sequences to perform both the reference RB and
interleaved RB experiments. Fit to the reference decay curve gives
an average fidelity of 0.9977(1) for the single-qubit geometric gates
in the Clifford group. The difference between the reference and the
interleaved decay curves gives the gate fidelity of four specific gates:
X , Y , X/2, Y/2.
both the reference RB and interleaved RB experiments are
shown in Fig. 2. Both curves are fitted to F = Apm + B
with different sequence decays p = pref and p = pgate. The
reference RB experiment gives an average fidelity Favg =
1− (1− pref)/3.75 = 0.9977(1) for the realized single-qubit
nonadiabatic geometric gates in the Clifford group. The mea-
sured interleaved gate fidelities Fgate = 1−(1−pgate/pref)/2
of the four specific geometric gates X , Y , X/2, and Y/2, in-
serted in the random Cliffords in the interleaved RB experi-
ment, are 0.9976(1), 0.9975(1), 0.9981(1), and 0.9975(1), re-
spectively.
With the realized single-qubit nonadiabatic geometric
gates, we further demonstrate their robustness against two dif-
ferent types of errors: control amplitude error and qubit fre-
quency shift-induced error, which will be the dominant gate
error sources for a large scale qubit lattice. In our experiment,
we compare the geometric gates with the conventional dynam-
ical gates under the same driving strength, with the pulse en-
velopes shown in Fig. 3(a). We have experimentally character-
ized the performance of three geometric gates: X/2, H , and
T phase gate with a single-qubit QPT method, as a function
of Rabi frequency error  (a relative offset in Rabi frequency)
and qubit frequency detuning ∆, as well as that for the cor-
responding dynamical gates. The experimentally measured
process fidelities as a function of these two errors are shown
in Figs. 3(b-g).
The geometric gates are realized with two different con-
figuration settings, corresponding to two different geometric
evolution trajectories. In configuration A, the geometric gates
are realized with the geometric evolution described in Eq. 2
and have distinct advantages over the dynamical gates against
additional Rabi frequency error , as shown in Figs. 3(b-d).
In configuration B, the geometric gates are realized by set-
ting the phase φ = ϕ + γ − pi/2 at [τ1, τ2] interval in Eq. 2,
while the unitary of the geometric gate remains the same as
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FIG. 3: Noise-resilient feature of single-qubit geometric gates. (a)
Pulse shapes of both geometric gates and dynamical gates, which are
constrained to have the same driving strength. Hadamard gate Geo
H (Dyn H) is implemented with a geometric (dynamical) Y/2 rota-
tion followed by a geometric (dynamical) X rotation, while T phase
gate Geo T (Dyn T ) is realized with a geometric (dynamical) X ro-
tation followed by a geometric (dynamical) pi pulse along an axis in
the xy plane with an angle of pi/8 to the x axis. (b-d) The experimen-
tal process fidelities of single-qubit gates: X/2 (b), H (c), and T (d)
realized by both geometric and dynamical means, as a function of
Rabi frequency error . The experimental results are also consistent
with the numerical simulations (solid lines). (e-g) The experimental
process fidelities of single-qubit gates: X/2 (e), H (f), and T (g)
realized by both geometric and dynamical means, as a function of
qubit frequency detuning ∆, consistent with the numerical simula-
tion results (solid lines).
that in Eq. 3 when θ = pi/2. The noise-resilient feature of
the geometric gates still persists for different detuning errors,
as shown in Figs. 3(e-g). All experimental results also agree
very well with the numerical simulations. The comparisons
clearly illustrate the distinct advantages of the realized nona-
diabatic geometric gates. We note that the noise-resilient fea-
ture of the geometric gates depends on the types of errors and
the cyclic evolution paths of the geometric gates [65]. The
geometric gates realized with configuration A do not always
outperform the dynamical gates with additional frequency de-
tuning errors, and the geometric gates realized with configu-
ration B also do not perform better than the dynamical gates
with different Rabi frequency errors. However, one can al-
ways find a specific evolution path of the control pulse to real-
ize a noise-resilient geometric gate against the dominant error
in the system.
In order to achieve a universal quantum computation, two-
qubit entangling operations are also necessary. In our ex-
4periment, a non-trivial two-qubit geometric gate is also re-
alized in a similar way to the single-qubit case by using a
parametric modulation drive of one qubit frequency. Con-
sidering two adjacent qubits QA and QB (with anharmonic-
ities αA and αB) capacitively coupled to each other, the
qubit frequency of QA is modulated with a sinusoidal form:
ωA(t) = ωA + ε sin(νt + Φ), where ωA is the mean oper-
ating frequency, and ε, ν, and Φ are the modulation ampli-
tude, frequency, and phase, respectively. Ignoring the higher-
order oscillating terms, when the modulation frequency satis-
fies ν = ωB−ωA+αB , the parametric drive will induce a tran-
sition operation between the two energy levels |11〉 ↔ |02〉 in
the two-qubit subspace with the effective Hamiltonian in the
interaction picture as
H2 =
1
2
g˜eiφ˜ |11〉 〈02|+H.c., (4)
where g˜ = 2gABJ1 (ε/ν) and φ˜ = −Φ + pi/2 are the effec-
tive coupling strength and phase of the parametric drive, with
J1 (ε/ν) being the 1st order Bessel function of the first kind.
Similar to the single-qubit geometric gates with the Hamilto-
nian of Eq. 1, we can realize arbitrary geometric gates in the
subspace {|11〉, |02〉} by modulating the effective coupling
strength and phase in three time intervals. As a demonstra-
tion, we fix θ = 0, resulting in two time intervals of the gate,
and realize the geometric phase gate
(
eiγ 0
0 e−iγ
)
in the sub-
space. When only considering the unitary in the two-qubit
computational space {|00〉, |01〉, |10〉, |11〉}, the resulting uni-
tary operation corresponds to a controlled-phase gate with an
entangled phase γ:
U2(γ) =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 eiγ
 . (5)
The two-qubit geometric controlled-phase gate is per-
formed with two sinusoidal modulation drives applied in se-
ries. Each has a square pulse envelope with sine squared
rising and falling edges to suppress the adverse impact of
sudden phase changes. The modulation frequency ν/2pi =
268.2 MHz and the modulation amplitude ε/2pi = 150 MHz
lead to an effective coupling strength g˜/2pi ≈ 10 MHz. Thus,
the two-qubit gate is implemented with a duration of 112.8 ns.
As an example, we here fix γ = pi and realize a CZ gate for
the two qubits. We first use the two-qubit QPT method to
benchmark the performance of the realized CZ gate, with the
experimental sequence shown in Fig. 4(a). The experimen-
tally reconstructed process matrix χexp is shown in Fig. 4(b)
and indicates a process fidelity of 0.941(13) for the realized
geometric CZ gate.
Besides, a two-qubit Clifford-based RB experiment is also
performed to characterize the fidelity of the realized geo-
metric CZ gate. The final measured ground state probabil-
ity (sequence fidelity) decays as a function of the number
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FIG. 4: Two-qubit geometric CZ gate. (a) Experimental pulse se-
quence to perform two-qubit QPT of the geometric CZ gate, which
is realized with two square pulses with additional rising and falling
edges (black dotted box). (b) Real part of the experimental process
matrixχexp for the geometric CZ gate, giving a process fidelity of
0.941(13). Measured imaginary part is smaller than 0.09 and not
shown. The numbers in the x and y axes correspond to the operators
in the basis set {I , σx, −iσy , σz}⊗2 in the {|00〉, |01〉, |10〉, |11〉}
subspace. The solid black outlines are for the ideal CZ gate. (c) Two-
qubit RB data of the geometric CZ gate between qubits QA and QB ,
with an extracted FCZ = 0.977(9).
of two-qubit Cliffords are displayed in Fig. 4(c) for both
the two-qubit reference RB and CZ-interleaved RB experi-
ments. We extract the geometric CZ gate fidelity FCZ =
1 − 34
(
1− pCZpref
)
= 0.977(9) from fitting both the reference
and interleaved RB decay curves. This result is consistent
with that from the two-qubit QPT method, when considering
the state preparation and measurement error of about 0.03.
The infidelity of the CZ gate mainly comes from the deco-
herence of the two qubits, also confirmed with our numeri-
cal simulations. The extracted average Clifford fidelity FC2 =
0.859(4), mainly limited by qubit decoherence and crosstalk
between the two qubits [65].
In conclusion, we experimentally realize single-qubit nona-
diabatic geometric gates with an average fidelity of 0.9977(1).
The noise-resilient feature of the realized single-qubit geo-
metric gates is also verified by comparing the performances
of both the geometric and dynamical gates with different er-
rors. In addition, a two-qubit nonadiabatic geometric CZ gate
is also implemented with a fidelity of 0.977(9). Therefore,
the demonstrated universal geometric quantum gate set opens
the door to implement high-fidelity quantum gates for robust
geometric quantum computation.
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Note added.– While we were preparing our manuscript, we
noticed a similar implementation of nonadiabatic single-qubit
geometric gates with a superconducting qubit [74].
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I. EXPERIMENTAL SETUP
The sample in our experiment is a five-qubit chain de-
vice, which consists of five adjacent cross-shaped transmon
(Xmon) qubits [1], arranged in a linear array with nearly iden-
tical nearest-neighbor coupling strengths. We place the exper-
imental device inside a dilution refrigerator with a base tem-
perature of about 10 mK. The detail of the device has been
described in Refs [2, 3].
In the experiment, we have performed the geometric gates
with only the first two capacitively coupled qubits QA and
QB, whose main parameters are summarized and listed in Ta-
ble S1. The other three qubits are biased far away from these
two operation qubits and thus are nearly completely decou-
pled.
Details of the measurement circuitry of our experiment is
shown in Fig. S1. The XY rotations of the two qubits are con-
trolled by microwave pulses directly generated from a two-
channel arbitrary waveform generator AWG70002A without
extra IQ modulation, benefiting from its large bandwidth and
sampling rate. The Z controls of the two qubits are performed
with the first two channels of another synchronized eight-
channel AWG5208. The last two channels of AWG5208 are
used to provide a pair of sideband modulations at different fre-
TABLE S1: Device parameters of the two operating qubits.
Parameters QA QB
Readout frequency (GHz) 6.8386 6.8633
Qubit frequency (GHz) (sweet spot) 4.7813 5.1261
Qubit frequency (GHz) (operating spot) 4.6019 5.0810
Anharmonicity (αA/2pi , αB/2pi) (MHz) -202 -190
T1 (µs) (sweet spot) 15.4 11.2
T ∗2 (µs) (sweet spot) 9.86 16.3
T2E (µs) (sweet spot) 17.3 20.9
T1 (µs) (operating point) 20.5 26.1
T ∗2 (µs) (operating point) 1.73 4.86
Qubit-qubit coupling strength gAB/2pi (MHz) 16.68
Qubit-readout dispersive shift χqr/2pi (MHz) 0.09 0.12
Readout resonator decay rate κr/2pi (MHz) 0.88 1.06
∗These three authors contributed equally to this work.
†Electronic address: zyxue83@163.com
‡Electronic address: luyansun@tsinghua.edu.cn
quencies for the readout of the two qubits, in combination with
a signal generator as the local oscillator (LO). The transmit-
ted readout signal is first amplified by a Josephson parametric
amplifier (JPA) at the base temperature of the dilution refriger-
ator. The JPA with an amplification gain of 20 dB and a band-
width about 260 MHz allows high-fidelity single-shot mea-
surements of the two qubits individually and simultaneously.
A high-electron-mobility-transistor (HEMT) amplifier at 4 K
and a standard commercial low-noise microwave amplifier at
room temperature are also used before the down-conversion
of the readout signal to the applied sideband frequencies with
the same readout generator as the LO. After these amplica-
tions and down-conversion, the readout signal is finally digi-
tized and recorded by an Alazar card, as well as the reference
signal without going through the dilution refrigerator.
Crosstalk between Z control lines of the two qubits is in-
evitable due to the ground plane return currents. We compen-
sate these flux crosstalks by orthogonalization of the flux bias
lines through an inversion of the normalized qubit frequency
response matrix
M =
(
1 −0.0759
0.0800 1
)
. (S1)
Thus by performing the inversion of M to the flux bias con-
trols, each qubit frequency can be independently controlled
without changing the other qubit frequency.
With the quantum-limited JPA, both qubits can be readout
individually and simultaneously with high fidelity in single-
shot measurements. Due to the qubit thermal excitation and
relaxation during measurements, there are non-negilable read-
out infidelities. In order to calibrate the two-qubit readout
error, we prepare the system in each computational basis
state and simultaneously measure the assignment probability
~p = (p00, p01, p10, p11)
T of the two qubits. By repeating the
experiments for all the two-qubit computational basis states,
TABLE S2: Two-qubit simultaneous readout assignment probability
matrixR. Each column represents the two-qubit measurement prob-
abilities after preparing the qubits in the corresponding basis state.
|00〉 |01〉 |10〉 |11〉
00 0.9918 0.1058 0.1279 0.0131
01 0.0031 0.8905 0.0005 0.1137
10 0.0051 0.0006 0.8686 0.0890
11 0.0000 0.0032 0.0030 0.7842
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FIG. S1: Details of wiring and circuit components.
we obtain the 4× 4 readout matrix R as shown in Table S2.
Thus the readout errors can be corrected by multiplying the
inverse of the readout matrix R with the measured probabil-
ity ~p, such that ~pcorr =R−1 ·~p represents the real occupation
probabilities of the four computational basis states.
II. QUANTUM PROCESS TOMOGRAPHY
Both single- and two-qubit geometric gates are firstly char-
acterized with quantum process tomography (QPT) method in
the main text.
In the single-qubit QPT experiment with the experimen-
tal sequence shown in Fig. 1(c) of the main text, we first
initialize the qubit with the following four states { |0〉, |1〉,
(|0〉+|1〉)/√2, (|0〉−i |1〉)/√2 }, then apply the nonadiabatic
geometric gates, and finally perform the state tomography
measurements of the final states. The density matrix of the
final state is reconstructed by four pre-rotations {I, X/2, Y/2,
X} in the state tomography measurement, where I represents
the identity operator. With the four initial states ρi, the experi-
mental process matrix χexp can be extracted from the four cor-
responding final states ρ f through ρ f = ∑m,n χmnEmρiE†n [4],
where the basis operators Em and En are chosen from { I, σx,
−iσy, σz } with σx, σy, and σz being Pauli operators.
The two-qubit QPT experiment is similar to that for the
single-qubit case but with 16 initial states chosen from {|0〉,
|1〉, (|0〉+ |1〉)/√2, (|0〉− i |1〉)/√2}⊗2 instead. The den-
sity matrix of the final two-qubit state is reconstructed from
the state tomography measurements with 16 pre-rotations { I,
X/2, Y/2, X}⊗2.
III. RANDOMIZED BENCHMARKING
We also use another conventional method, Clifford-based
randomized benchmarking (RB), to characterize the geomet-
ric single-qubit rotation gates and two-qubit CZ gate.
In the single-qubit RB experiment, we perform both the ref-
erence RB and interleaved RB experiments with the experi-
mental sequences shown in the inset of Fig. 2 of the main text.
In the reference RB experiment, we first apply a random se-
quence of m quantum gates chosen from the single-qubit Clif-
ford group (C1), then append a recovery gate Cr to invert the
whole sequence, and finally measure the ground state prob-
ability as the sequence fidelity. The whole experiment is re-
3peated for k = 50 different sequences to get the average se-
quence fidelity. In the interleaved RB experiment, a specific
gate G is interleaved into the m random Cliffords, and a simi-
lar recovery gate is applied to invert the whole sequence. The
experimentally measured sequence fidelity curves as a func-
tion of the number of Cliffords m for both reference RB and
interleaved RB experiments are fitted to F = Apm+B with
different sequence decays p= pref and p= pgate. The average
gate fidelity is given by Fref = 1− (1− pref)(d−1)/d/1.875,
with d = 2N for N qubits. The difference between the refer-
ence and interleaved RB experiments gives the specific gate
fidelity Fgate = 1− (1− pgate/pref)(d−1)/d.
The two-qubit Clifford-based RB experiment is similar, but
with the random gates chosen from the two-qubit Clifford
group (C2) instead. For the CZ-interleaved RB experiment,
the geometric CZ gate is inserted into the random sequence.
IV. COMPARISON BETWEEN GEOMETRIC AND
DYNAMICAL GATES
We have demonstrated the robustness of the single-qubit
geometric gates against two different types of errors (i.e. con-
trol amplitude error and qubit frequency shift-induced error)
by comparing the geometric gates and the conventional dy-
namical gates with the same driving strength. The geomet-
ric gates are realized with two different configuration settings,
corresponding to two different geometric evolution trajecto-
ries.
In configuration A, the geometric gates are realized with
a three-component microwave drive to generate a cyclic geo-
metric evolution. The driving strengths and phases of the three
time intervals are described as
´ τ1
0 Ω(t)dt = θ , φ = ϕ− pi2 , t ∈ [0,τ1],´ τ2
τ1
Ω(t)dt = pi, φ = ϕ+ γ+ pi2 , t ∈ [τ1,τ2],´ τ
τ2
Ω(t)dt = pi−θ , φ = ϕ− pi2 , t ∈ [τ2,τ].
(S2)
We have shown the realized geometric gates in config-
uration A exhibit distinct advantages over the conventional
dynamical gates with additional Rabi frequency error ε , as
shown in the main text. However, we note that the geometric
gates in configuration A do not always outperform the dynam-
ical gates when introducing additional frequency detuning er-
rors, as shown in Figs. S2(a-c).
In configuration B, the geometric gates are also realized
with a three-component microwave drive, but with different
phase in the second interval, described as
´ τ1
0 Ω(t)dt = θ , φ = ϕ− pi2 , t ∈ [0,τ1],´ τ2
τ1
Ω(t)dt = pi, φ = ϕ+ γ− pi2 , t ∈ [τ1,τ2],´ τ
τ2
Ω(t)dt = pi−θ , φ = ϕ− pi2 , t ∈ [τ2,τ].
(S3)
The unitary gate of this geometric path is the same as that
of configuration A when θ = pi/2. We have demonstrated
the noise-resilient feature of this gate with different frequency
detuning errors in the main text. However, the geometric gates
in this configuration do not always perform better than the
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FIG. S2: Comparison between geometric and dynamical gates. (a-
c) The experimental process fidelity of single-qubit gates: X/2 (a),
H (b), and T (c), realized by both geometric and dynamical means,
as a function of qubit frequency detuning. The geometric gates, re-
alized with configuration A, do not always perform better than the
dynamical gates with detuning errors. (d-f) The experimental pro-
cess fidelity of single-qubit gates: X/2 (d), H (e), and T (f), realized
by both geometric and dynamical means, as a function of Rabi fre-
quency error ε . The geometric gates, realized with configuration B,
do not always perform better than the dynamical gates with Rabi fre-
quency errors.
dynamical gates with different Rabi frequency errors as well,
as shown in Figs. S2(d-f).
Therefore, we conclude that the noise-resilient feature of
the geometric gates depends on the types of errors and the
cyclic evolution paths. Most time one may not find appropri-
ate parameters to realize geometric gates against all kinds of
errors, but one can still find a specific evolution path to realize
noise-resilient geometric gates against the dominant error in
the system.
V. CALIBRATION OF GEOMETRIC CZ
In order to achieve high-fidelity gemetric CZ gate, a few ex-
perimental parameters should be carefully calibrated. In this
section, we will describe in detail the calibration procedure of
the realized two-qubit geometric CZ gate.
In our experiment, the two-qubit CZ gate is realized with
a parametric modulation drive of one qubit frequency. After
initializing the two qubits in |11〉 state, we modulate the qubit
frequency of QA with a sinusoidal form of
ωA(t) = ωA+ ε sin(νt+Φ), (S4)
for different time durations, and finally measure the |11〉 state
probability of the two qubits. After repeating the above exper-
iment with different modulation frequency ν , we can obtain a
chevron oscillation pattern of the two qubits |11〉 state prob-
ability as a function of both modulation frequency and time
duration, from which the effective coupling strength g˜ and the
4resonant transition frequency between |11〉 and |02〉 can be
extracted.
In order to realize the geometric path evolution in {|11〉,
|02〉} subspace, we apply two sinusoidal modulation drives
in series and each one has a duration of pi/g˜, corresponding
to a pi rotation in {|11〉, |02〉} subspace. Therefore, in the
two-qubit computational subspace {|00〉, |01〉, |10〉, |11〉}, the
resulted unitary gate can be expressed as [5]
U =

1 0 0 0
0 eiφ01 0 0
0 0 eiφ10 0
0 0 0 eiφ11
 , (S5)
where φ01 and φ10 are the single-qubit phases, and γ = φ11−
φ01−φ10 is the two-qubit entangled phase.
We characterize these single- and two-qubit phases by
firstly initializing these two qubits in a product state |ψ0〉 =
(|00〉+ |01〉+ |10〉+ |11〉)/2, then performing two sinusoidal
modulation drives in series with a relative phase ∆Φ between
them, and finally implementing the two-qubit state tomog-
raphy to extract all these phases. The measurement results
shown in Fig. S3(a) indicate that the two-qubit entangled
phase γ is linearly related to the relative phase ∆Φ, while the
single-qubit phases φ01 and φ10 nearly remain the same. By
choosing appropriate ∆Φ, we thus realize a two-qubit CZ gate
with the entangled phase γ = pi . The single-qubit phases can
be compensated by rotating the reference frame in software.
We further verify the realized two-qubit CZ gate by per-
forming different numbers of CZ gates, with the experimen-
tal result shown in Fig. S3(b). The measured single- and
two-qubit phases are linearly related to the number of CZ
gates. The small and finite offsets of the linear fits of these
phases mainly come from the non-negligible crosstalk during
the state preparation and measurement.
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FIG. S3: Calibration of the two-qubit geometric CZ gate. (a) Single-
and two-qubit phases of the two-qubit state as a function of the rel-
ative phase ∆Φ of the two sinusoidal modulation drives. (b) Single-
and two-qubit phases of the two-qubit state as a function of the num-
ber of CZ gates.
VI. CROSSTALK-INDUCED ERROR
During the two-qubit RB experiments, the two-qubit ZZ
crosstalk will induce non-negligible errors of the single-qubit
gates. Based on the two qubits’ parameters in Table S1, we
can estimate the phase shift rate of the |11〉 state caused by
the ZZ crosstalk with [6]
ΩZZ =
2g2AB(αA+αB)
(ωA−ωB−αA)(ωA−ωB+αB) =−1.18 MHz,
(S6)
whereωA andωB are the qubit frequencies of QA and QB at the
operating spot, respectively. Thus this crosstalk interaction
will induce an additional ∼ 20 ◦ phase shift of the |11〉 state
for an average single-qubit gate time of 40 ns, which vastly
suppresses the sequence fidelity decay rates pCZ and pref of
the two-qubit RB experiments.
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FIG. S4: Simultaneous RB experimental results of qubits QA and
QB. (a) Benchmarking the crosstalk effect on qubit QA with (blue
markers) and without (red markers) controlling QB simultaneously.
From fitting to both decay curves, we obtain the average single-qubit
gate errors rQA = 0.0030(1) when QB remains at the ground state
and rQA|QB = 0.0067(2) when QB is also under RB experiment. (b)
Benchmarking the crosstalk effect on qubit QB with (blue markers)
and without (red markers) controlling QA simultaneously. From fit-
ting to both decay curves, we obtain the average single-qubit gate
errors rQB = 0.0013(1) when QA remains at the ground state and
rQB|QA = 0.0071(2) when QA is also under RB experiment.
To further demonstrate the impact of ZZ crosstalk error in
our system, we perform the simultaneous RB experiments for
both qubits QA and QB, in which we perform RB experiment
on each qubit individually and operate both qubits simulta-
neously [7]. The experimental results are shown in Fig. S4.
The crosstalk effect on QA when operating QB can be de-
termined by firstly performing RB of QA alone [red mark-
ers in Fig. S4(a)], then benchmarking both qubits simulta-
neously and tracing out the contribution of QB [blue mark-
ers in Fig. S4(a)]. The difference of these two decay curves
corresponds to the crosstalk-induced error on QA by control-
ling QB. Similarly, we also find the crosstalk effect on QB
when operating QA, with the experimental result shown in
Fig. S4(b). These crosstalk-induced errors have a great impact
on the two-qubit RB experiments in the main text. Therefore,
a tunable coupler that can switch off the coupling between ad-
jacent qubits is desirable.
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